The variation with age of the Br, Fe, Rb, Sr, and Zn concentration in prostatic tissue and the relationship of these trace elements with basic histological structures of nonhyperplastic prostate glands of 65 subjects aged 21-87 years was investigated by an energy-dispersive X-ray fluorescence (EDXRF) and a quantitative morphometric analysis. Mean values ± standard error of the mean (M±SΕΜ) for the concentrations (mg/L) of these trace elements were: Br 7.89±0.93, Fe 22.2±1.2, Rb 3.49±0.18, Sr 0.43±0.08, and Zn 191±16. The significant trend for increase with age in Fe and Zn concentration as well as for increase with age in relative volume of stroma and decrease in relative volume of epithelium was found. Using the Pearson correlation between trace element concentration and morphometric parameters, it was demonstrated that the glandular lumen is a main pool of Sr and Zn accumulation in the normal human prostate, for the age range 21 to 87 years. It was concluded that the Sr and Zn bind tightly within the prostatic fluid, because the volume of glandular lumen reflects the volume of prostatic fluid. For ages above 40 years conclusive evidence of a disturbance in prostatic intracellular homeostasis of Fe was also shown.
PCa development. The etiology of both BPH and PCa is believed to be multifactorial. Both diseases may occur due to subtle changes in male hormones with age as well as other factors including levels of Ca, Zn, and other chemical elements in prostate tissue [8] [9] [10] [11] [12] [13] [14] . In our previous studies higher levels of Zn, Ca, and Mg as well as some other chemical elements were observed in prostate tissue of adult males when compared with nonprostatic soft tissues of the human body [15] [16] [17] [18] [19] . High accumulation of these elements suggests that they may play an important role in prostate function and health. Moreover, levels of some chemical elements were found to increase in the prostate tissue after puberty and throughout adulthood, and in some cases this increase was shown to be androgen-dependent [20] [21] [22] [23] [24] [25] [26] [27] . The reason for this increase in chemical element content in the normal prostate gland is not completely understood. In addition, longstanding questions about the main pool and the local distribution of chemical elements in adult and geriatric prostate still remain open [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] .
Prostatic tissue contains three main components: glandular tissue, prostatic fluid, and fibromuscular tissue or stroma. Glandular tissue includes acini and ducts. Epithelial cells (E) surround the periphery of the acini and luminal surfaces (L) in acini (glandular lumina). Prostatic fluid fills the lumina in the acini. Stromal tissue (S) is composed of smooth muscle, connective tissue, fibroblasts, nerves, lymphatic and blood vessels. Thus, the volume of the prostate gland may be represented as a sum of volumes (E+L+S). This makes it possible to quantitative morphological data using a stereological approach [20] .
Cellular alterations that include changes in the epithelium and stroma are implicated in the development and growth of the prostate gland, as well as in BPH and PCa pathogenesis [38, 39] . However, the data on age-dependence of main histological components of normal prostates is extremely limited [40, 41] . Moreover, some contradictory results were obtained in these studies.
Introduction
More than 70% the male population aged >60 years has clinical or histologic evidence of benign prostatic hyperplasia (BPH), while prostate cancer (PCa) is the most common male noncutaneous malignancy in the Western world [1, 2] . Understanding etiologies of both conditions is crucial to reducing the resulting burden of mortality and morbidity.
The prevalence of BPH rises sharply with age. The prevalence of PCa also drastically increases with age, being three orders of magnitude higher for the age group 40-79 years than for those younger than 40 years [3, 4] . There are many similarities between the epidemiological factors of BPH and PCa but the greatest risk factor for both diseases is increasing age [5] .
The human prostate gland is the only internal organ that continues to enlarge throughout adulthood [6, 7] . Thus, it is possible to speculate that there are some age-dependence factors in prostate tissue which disturb a balance between normal cell proliferation and apoptosis. An elevated level of cell proliferation promotes BPH and Page -02
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Because of the lack of adequate quantitative data on the subject of chemical element distributions in human prostate tissues and changes of these distributions with age, a study of as many of chemical elements as possible was begun by us. In our previous studies we investigated the chemical element distributions in pediatric and nonhyperplastic young adult prostate tissues using correlations between elemental contents and quantitative morphological data [20, [42] [43] [44] . It should be noted that the morphological data is assessed as % of volume, thus, the results for chemical element contents have to be expressed as a concentration on wet mass basis.
The primary purpose of present study was to determine reliable values for trace element concentrations and histological characteristics in the nonhyperplastic prostate of subjects ranging from young adult males to elderly persons (≥61 years old) using an energy-dispersive X-ray fluorescence (EDXRF) and a quantitative morphometric analysis. The second aim was to compare the trace element mass fractions and histological characteristics in prostate glands of age group 3 (elderly persons, who were aged 61 to 87 years), with those of group 1 (adults aged 21 to 40 years) and group 2 (adults aged 41 to 60 years). The third aim was to estimate the inter-correlations of trace element concentrations in normal prostate tissue. The final aim was to investigate the relationships between trace element concentrations in prostate tissue and quantitative morphometric parameters of the prostate glands studied. All studies were approved by the Ethical Committee of the Medical Radiological Research Center, Obninsk.
Materials and Methods

Samples
Samples of the human prostate were obtained from randomly selected autopsy specimens of 65 males (European-Caucasian) aged 21 to 87 years. Age ranges for subjects were divided into three age groups, with group 1, 21-40 years (30.4±1.1 years, M±SEM, n=28), group 2, 41-60 years (49.6±1.1 years, M±SEM, n=27), and group 3, 61-87 years (68.8±2.7 years, M±SEM, n=10). These groups were selected to reflect the condition of prostate tissue in the first (group 1) and in the second (group 2) period of adult life, as well as in the old age (group 3). The available clinical data were reviewed for each subject. None of the subjects had a history of an intersex condition, endocrine disorder, neoplasm or other chronic disease that could affect the normal development of the prostate. None of the subjects were receiving medications known to affect prostate morphology or its chemical element content. The typical causes of death of most of these patients included acute illness (cardiac insufficiency, stroke, pulmonary artery embolism, alcohol poisoning) and trauma. All prostate glands were divided (with an anterior-posterior crosssection) into two portions using a titanium scalpel. One tissue portion was reviewed by an anatomical pathologist while the other was used for the chemical element content determination. Only the posterior part of the prostate, including the transitional, central, and peripheral zones, was investigated. A histological examination was used to control the age norm conformity as well as to confirm the absence of any microadenomatosis and/or latent cancer.
Sample preparation
After the samples intended for the trace element determinations were weighed, they were transferred to be stored at -20 °C, until they were freeze-dried, weighed once again and homogenized. The pounded sample weighing about 8 mg was applied to a piece of adhesive tape, which served as a sample backing. Titanium or plastic tools were used in sampling and sample preparation for the trace element determinations [45] [46] [47] .
The prostate specimens intended for the morphometric study were transversely cut into consecutive slices, which were fixed in buffered formalin (pH 7.4) and embedded in paraffin wax. The paraffin-embedded specimens were sectioned with 5 μm thickness and processed using routine histological methods. All samples were conventionally stained with haematoxylin and eosin, and then all histological slides were examined by an anatomical pathologist to detect any focus of benign prostatic hyperplasia, carcinoma, or intraepithelial neoplasia, to exclude samples with artifacts and so to select appropriate slides for further morphometric evaluation.
Standards and certified reference materials
To determine concentration of the elements by comparison with known standard, aliquots of commercial, chemically pure compounds were used for a calibration [48] . Ten certified reference materials (CRM) IAEA H-4 (Animal Muscle) sub-samples were prepared and analyzed under the same conditions as the prostate samples, to estimate the precision and accuracy of the results. All samples of prostate tissue and the CRM were prepared in duplicate and mean values of Br, Fe, Rb, Sr, and Zn concentrations were used in the final calculation.
Instrumentation and methods
The facility for EDXRF analysis included an annular 109 Cd source with an activity of 2.56 GBq, a Si(Li) detector and a PC based portable multichannel analyzer. Its resolution was 270 eV at the 5.9 keV line of a 55 Fe-source. The duration of the trace elements measurements was 60 min. The intensity of the K α -line of Br, Fe, Rb, Sr, and Zn for both samples and standards was estimated using a calculation based on the total area under the corresponding photopeak in the spectra. The trace element concentration was calculated by the relative method of comparing between intensities of the K α -lines for samples and standards. using stereological method [49] . The stained tissue sections were viewed by microscopy at ×120 magnification. In order to obtain information about changes in prostatic components (acini and stroma), the surfaces adjacent to the acini (i.e. epithelium plus lumen), the epithelium tissue alone and the stroma were also measured in 10 randomly selected microscopic fields for each histological section. The number of microscopic fields per section studied was determined by successive approaches to obtain the minimum number of microscopic fields required to reach the lowest standard deviation (SD). A greater number of microscopic fields did not decrease the SD significantly. The mean per cent volumes of the stroma, glandular epithelium, and glandular lumen were determined for each prostate specimen.
Morphometric evaluations were then performed quantitatively
Element
Certified values This work results
Mean
Computer programs and statistic
Using Microsoft Office Excel software to provide a summary of statistical results, the arithmetic mean, standard deviation, standard error of mean, minimum and maximum values, median, percentiles with 0.025 and 0.975 levels were calculated for all the trace element concentrations obtained as well as for the morphometric parameters. The reliability of difference in the results between all age groups was evaluated by Student's parametric t-test. The Microsoft Office Excel software was also used for the construction of "trace element concentration versus age", "morphometric parameter versus age", and "trace element concentration versus morphometric parameter" diagrams and the estimation of the Pearson correlation coefficient between the different pairs of trace elements as well as between the morphometric parameters and trace element concentrations. Figure 1 illustrates individual data sets for the Br, Fe, Rb, Sr, and Zn concentration and the per cent volume (stroma, epithelium, and lumen) in the nonhyperplastic prostate gland of males aged between 21-87 years and their trend lines with equations of best fit. Table 1 presents the basic statistical parameters (arithmetic mean, standard deviation, standard error of mean, minimal and maximal values, median, percentiles with 0.025 and 0.975 levels) of the Br, Fe, Rb, Sr, and Zn concentration (mg/L) and the per cent volumes (% of volume) of the stroma, glandular epithelium, and glandular lumen in the nonhyperplastic prostate gland of males. These parameters are shown for the age groups 1 (range 21-40 years), 2 (range 41-60 years), 3 (range 61-87 years), in the age groups 2 and 3 combined (range 41-87 years), and in the age groups 1, 2, and 3 combined (range 21-87 years).
Results
The comparison of our results with published data for the Br, Fe, Rb, Sr, and Zn concentrations [50] [51] [52] [53] [54] [55] [56] [57] [58] and for the morphometric parameters of the nonhyperplastic prostate gland of adult males [40, 41] is shown in Table 2 .
The ratios of means and the reliability of difference between mean values of trace element concentrations and between mean values of morphometric parameters in the age groups 1, 2, 3, and (2 and 3) combined are presented in Table 3 . 
Discussion
Precision and accuracy
A set of existing international CRMs prepared from the soft tissues of humans and animals is extremely limited. As was previously discussed 97% of the self-absorption in the dry sample of prostate is due to the content of bulk elements (C, N, O, P, S) and main electrolytes (Ca, Cl, Na) [58] . The content of these elements and the mass density of muscle and prostate in humans are virtually identical [59, 60] . It is not surprising because smooth muscles comprise 25-30% of the total normal prostate gland tissue [38, 39] . There is no reason to believe that the content of the above-mentioned elements in the muscles of animals is significantly different from their content in human muscles. Therefore, the use of CRM IAEA H-4 as a CRM for the EDXRF analysis of samples of prostate tissue is acceptable.
We determined the mass fractions of five trace elements (Br, Fe, Rb, Sr, and Zn) that include the range of 4 elements (Br, Fe, Rb, and Zn) available in the CRM and one element (Sr) with informative values in the CRM IAEA H-4 (animal muscle). Mean values (±SD) for Br, Fe, Rb, and Zn (Table 1) Table 2 summarizes mean values and all selected statistical parameters were calculated for five trace elements (Br, Fe, Rb, Sr, and Zn). Concentrations of all these elements were measured in major portion of prostate samples. Since we were using EDXRF the results were expressed as mass fractions (MF) in mg/kg on dry mass basis, and the concentration C ij for the i element in the j sample was calculated as:
Concentration of trace elements
Where M j dry is the mass of j sample after drying, M j wet is the mass of j sample before drying, and 1.05 (kg/L) is the density of normal 
Comparison with published data
The values of arithmetic mean obtained for the Br, Fe, Rb, Sr, and Zn concentrations in adult nonhyperplastic prostate glands ( 
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Age-related changes
The similarity of arithmetic mean and median values for all the parameters investigated (Table 2) testifies to the normal distribution of individual results. These findings allowed evaluation of the agerelated differences by Student's parametric t-test (Table 4 ). In the histological normal prostates of adults we observed a statistically significant increase with age of Fe and Zn concentrations as well as in per cent volume of stroma and lumen, accompanied by a decrease in per cent volume of lumen ( Figure 1 and Table 4 ). The conclusion from the analysis of individual data sets obtained from the histologically normal prostates (Figure 1 ) and from the comparison of the concentration means in three age groups (Table 4) is that concentration of Fe and Zn increased in the third to sixth decades and reached a maximum at about the age of 50-60 years. After age 60 years, levels of Fe and Zn were maintained at more or less steady levels ( Figure 1 and Table 4 ). Therefore, main changes in these prostate tissue trace element levels occur between ages 21 and 60 years. We can also conclude that the trace element concentration in the geriatric prostate does not differ from that of the prostate gland of 41 to 60 year old adult males.
In accordance with earlier findings, we also found that Zn concentration is age-dependent [63] [64] [65] [66] [67] . For example, Heinzsch et al found that Zn content in normal prostate was higher in the age group 51-70 years than in the age group 31-50 years by approximately 1.8 times [63] . In accord with results of Tohno et al. there were no significant correlations between ages and the Fe or Zn content in prostate tissue of Thai subjects, who ranged in age from 43 to 86 years and of Japanese subjects ranging in age from 65 to 101 years [67] .
In the histological normal adult prostates mean percent volumes of stroma was maintained at about 50% and only increased above this value in the seventh decade ( Figure 1 and Table 2 ). In the group older than 70 years old stroma volume increased ~1.3 times (60.8%, age group 3), which was statistically significant (Tables 2 and 4 ). The mean percent volume of the glandular epithelium steadily and almost linearly decreased from 35.7% to 28.4% over the same period ( Figure  1 and Table 2 ). These differences were statistically significant for the age group 3 when compared with the age groups 1 or 2 ( Table 4) . The mean percent volume of the glandular lumen increased between the third to the fifth decade and reached its maximum at about 50 years old (Figure 1 ). During this period of life the mean per cent volume of glandular lumen was almost 1.5 times higher than in prostate glands of 20 to 30 year old males, which is statistically significant (Table 4) . This suggests that relative accumulation of prostatic fluid develops between 30 to 50 years of age.
Shapiro et al reported that the stromal compartment fraction (approximately 80%) of the prostate remains constant in males throughout life [68] . In contrast, the present study provides compelling evidence that the per cent volume of stroma, epithelium, and lumen of the prostate changes significantly in males between ages 21-70. Our finding is in agreement with an earlier publication by Arenas et al where he reported that the stromal volume was maintained between ages 20-50 and only significantly increased in the sixth and seventh decades, while epithelial volume showed a tendency to diminish [40] .
Inter-correlations of trace elements
In the age group 1 (21-40 years) a statistically significant (p≤0.05) direct correlation was found between the prostatic concentration of Zn and Rb (r=0.38), Fe and Rb (r=0.35), Fe and Sr (r=0.30), Br and Rb (r=0.33), and also between Br and Sr (r=0.27) ( Table 5 ). In age groups 2 and 3 taken together (41-87 years) many correlations between trace elements in the prostate, found in the age group 1 (21-40 years), disappeared (Table 5 ). Therefore, if we accept levels and relationships of trace elements in prostate glands of 21-40 year old males as a norm, then we have to conclude that after the age of 40 there are significant changes in levels and balance of trace elements in the prostate.
Correlations between trace element concentrations and the per cent volumes of main histological components
A significant positive correlation between the prostatic Zn concentration and per cent volume of the glandular lumen (r=0.507, p≤0.01) as well as between the Sr concentration and per cent volume of glandular lumen (r=0.393, p≤0.05) was seen in the age group 1 (Table 6 ). These correlations were also found in age groups of males aged above 40 (group 2 and 3 combined). This indicates that there is a special relationship between Zn and the glandular lumen of the prostate. In other words, the glandular lumen is a main pool of Zn accumulation in the normal human prostate. Zn concentration in prostatic fluid is approximately five times higher than the mean Zn concentration in prostate tissue of adult males [20] . Because the volume of the glandular lumen reflects the volume of prostatic fluid, we can conclude that Zn concentration in prostatic fluid is higher than in prostatic cells throughout adulthood. In addition to Zn, Ca concentration in prostatic fluid is also a few times higher than the mean Ca concentration in the prostate tissue of adults [42, 43] . Therefore, Ca concentration in prostatic fluid is also higher than in prostatic cells. Since Ca and Sr belong to the same group of the Periodic Table we can extrapolate and state there is also a significant positive correlation between the prostatic Sr concentration and the per cent volume of the glandular lumen throughout adulthood.
A pronounced positive correlation between the prostatic Fe concentration and the per cent volume of stroma (r=0.369, p≤0.05) accompanied by a negative correlation between Fe concentration and the per cent volume of epithelium (r=-0.425, p≤0.05) was also observed in the age group 1 (Table 6 ). In age groups of males aged above 40 (group 2 and 3 combined) these correlations also vanished ( Figure 2 and Table 6 ). It is well known that blood is the main pool of Fe in the human body [59] . Fe concentration in the adult whole blood is about 500 mg/L or 20 times higher than in the prostate tissue (Table  2 ) [69] . This indicates that prostatic cells and fluid contain much less Fe compared to blood. Fe concentration in blood does not increase with age. Therefore, it is possible to speculate that in the age range 21 to 40, when the per cent volume of stroma is more or less stable, individual Fe concentration variations reflect individual levels of stromal vascularization. We showed that in age groups above 40 there is a rapid increase in the stromal volume. Consequently, this increase may upset the balance between vascularization and intracellular homeostasis of Fe in prostate tissue.
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The role of Zn and Fe excess in an age-related enlargement and malignancy of the prostate Adult mean Zn concentration in the prostate increase from 127 mg/L to 210 mg/L in the sixth decade. This level of the prostatic Zn concentration is higher than a mean value of its content in all other tissues (soft and hard) of the human body including skeletal muscle, liver, lung, kidney, and bones [59, 60, 69] . Excessive Zn levels may be harmful to normal metabolism of cells and partially responsible for the age-related enlargement of the prostate and its malignant transformation. There are multiple reasons which imply that the age-related excessive Zn levels in prostatic tissue is probably one of the main factors influencing the enlargement of prostate and the development of PCa in stages of initiation and promotion. This was discussed in details in our previous publications [20, 25, 27] .
Despite the fact that Fe is an essential element, it is also potentially toxic in excess because free Fe ions inside the cell can lead to the generation of free radicals that cause oxidative stress and cellular damage [70] [71] [72] [73] . It was shown that the mean prostatic Fe concentration increase from 18.7 mg/L to 25.5 mg/L in the sixth decade. Therefore, it is reasonable to speculate that similar to elevated Zn levels, excessive levels of Fe in prostatic tissue and disturbance in intracellular homeostasis of Fe with age are probably two of the factors influencing benign enlargement and malignant transformation of the prostate.
The limitations
To clarify the role of trace elements in normal physiology of the prostate gland, the variation with age of the Br, Fe, Rb, Sr, and Zn concentration in prostatic tissue and the relationship of these trace element concentrations with basic prostatic histological structures was investigated only in nonhyperplastic prostate glands. In future studies of the role of trace elements in pathophysiology of the prostate gland the specimens of BPH and cancerous tissues have to be included. Moreover, there are many other chemical elements involved in normal metabolism and pathophysiology of the prostate gland. Thus, further studies are needed to extend the list of chemical elements investigated in this manner.
Conclusion
While the numbers of specimens were somewhat limited, they were sufficient to identify the Fe and Zn concentration differences in the three age groups studied. The Pearson correlation between trace element concentrations and morphometric parameters allowed allocation of trace element concentrations to the different components of the prostate gland. Using this method, we demonstrated that the glandular lumen and, therefore, the prostatic fluid is the main pool of Sr and Zn accumulation in the normal human prostate between the ages of 21 to 87. We also found that the stroma is the main pool of Fe accumulation in the normal human prostate, which correlates with the level of prostate tissue vascularization. Lastly, we found that there is a significant tendency for an increase in Fe and Zn concentration with age in the prostate tissue of healthy individuals. All these factors are very likely to contribute to the age-related benign enlargement and potentiate malignant transformation of the prostate.
